Pronounced electrocatalytic oxidation enhancement at the surface of InGaN layers and nanostructures directly grown on Si by plasma-assisted molecular beam epitaxy is demonstrated. The oxidation enhancement, probed with the ferro/ferricyanide redox couple increases with In content and proximity of nanostructure surfaces and sidewalls to the c-plane. This is attributed to the corresponding increase of the density of intrinsic positively charged surface donors promoting electron transfer. Strongest enhancement is for c-plane InGaN layers functionalized with InN quantum dots (QDs). These results explain the excellent performance of our InN/InGaN QD biosensors and water splitting electrodes for further boosting efficiency.
Introduction
Ill-nitride semiconductors are of high interest for optoelectronics and high-power electronics [1] [2] [3] . Recently, the application fields were extended to electrochemical electrodes. InGaN is the first choice for these applications due to its excellent intrinsic properties [4\ (widest bandgap tunability, largest carrier mobility, high chemical stability). Therefore, understanding of the electrochemical performance is essential, currently lacking for the whole In composition range, especially for In-rich InGaN with the optimum near-infrared bandgap for solar light absorption.
We have recently demonstrated unprecedented performance of InN quantum dots (QDs) grown on planar In-rich InGaN layers on c-plane GaN/Sapphire templates as biosensor transducers and photoelectrochemical electrodes [5, 6] . This was attributed to the high density of positively charged surface donor states (p + SD ) of cplane InGaN, increasing with In content above 40-50% up to 2-3 10 13 cm~2 for pure InN, together with the zero-dimensional QD electronic properties. These p + SD facilitate oxidation by attraction of electrons. For planar layers they are uniformly compensated by electron surface accumulation. Uncompensated surface charge enhancing the electron transfer arises on the QDs as sufficient electrons (equivalent to the number of donors on the QDs) cannot enter the QDs due to the Pauli Exclusion Principle. Ultimately, we have grown InGaN layers over the entire composition range on Si(111) together with InN QDs on top [7, 8] , allowing integration with Si technology and reducing cost. Moreover, we have studied the growth of InGaN nanowall networks (NWNs) on Si(lll) for water splitting ¡9,10].
Here we present the electrochemical properties of InGaN layers over the entire composition range, and of In-rich InGaN NWNs and nanocolumns (NCs) on Si. The electrochemical characterization was performed by cyclic voltammetry (CV) using the ferro/ferricyanide redox probe. Despite enlarged surface area for the nanostructured InGaN layers, the electrocatalytic activity is enhanced for polar c-plane InGaN layers with increasing In content as for In-rich c-plane InGaN layers with InN QDs on top; attributed to the increasingly largest p + SD and zero-dimensional QD properties. Weak or no electrocatalytic activity enhancement occurs for the NWN and NCs. They are bound by semi-polar planes or non-polar m-planes where reduced density or absence of p + SD is stated [11] [12] [13] [14] [15] , Therefore, balance is understood between electrocatalytic activity of a certain surface and the surface area to optimize electrochemical performance: the former governing the energetics, i.e., the possibility of the chemical reaction to take place and the latter governing the amount of a possible reaction. 
Experimental
Growth was performed by plasma-assisted molecular beam epitaxy (PA-MBE). 1-inch p-type Si(lll) wafers were degassed 4 h at450 °C in the introduction chamber and 30 min at 850 °C in the growth chamber for native oxide removal. The Si(lll) surface was then nitrided at 850 °C for 5 min under 7.16 x 10 14 atoms/s cm 2 active N 2 flux (0.9 seem molecular N 2 flow and 350 W radio-frequency power). After cooling down, InGaN was grown for 1 h for all samples. The In content was adjusted by the In and Ga fluxes. The active N 2 flux was constant during nitridation and growth. The growth temperatures, V-III flux ratios, and In and Ga fluxes are listed in Table 1 .
The InGaN morphology and thickness/side view were investigated by scanning electron microscopy (SEM). The In content was determined by reciprocal space maps with a high-resolution X-ray diffractometer. The bandgap was determined from the In content using a bowing parameter of 2.5 eV [7] , In contents and bandgap energies E g are also listed in Table 1 .
Samples M1-M4, grown under slightly N-rich conditions with V-III flux ratio around 1.5 are compact layers with increasing In content, distinct c-plane island structure (see SEM images in Fig. 1 (a-d) ), and -450 nm thickness. For sample M5, the V-III flux ratio was increased to 2 and the growth temperature to 485 °C. For sample M6 the V-III flux ratio was adjusted to 4 and the growth temperature to 400 °C. Sample M5 (SEM image in Fig. 1(e) ) exhibits a NWN and sample M6 NCs (plan-viewand cross-sectional SEM images in Fig. 1(f) ). Additionally, two samples were grown as M3 and M5 with InN QDs on top. The QDs were formed by supplying the In flux of M3 for 10 s for sample 'M3 plus InN QDs' and after In flux adjustment for sample 'M5 plus InN QDs'.
Silver paste contacts were deposited. The contacts are Ohmic for the larger In contents due to the high defect-induced n-type bulk conductivity of InGaN. The contacts were placed on the sample surfaces not in contact with the electrolyte. For the NCs this implies contact with the p-Si substrate which is also in contact with the electrolyte. Independent measurements, however, showed that the p-Si substrate is not electrochemically active. Further, the contact between In-rich InGaN and p-Si is ohmic [7] , guaranteeing a valid measurement of the electrochemical properties also for the NCs. A three-electrode electrochemical cell was used for the CV measurements with InGaN working electrode, Pt auxiliary electrode and Ag/AgCI reference electrode connected to a potentiostat. The sample area exposed to the electrolyte was 7.5 mm 2 . The electrocatalytic properties of the InGaN samples were probed with the ferro/ferricyanide redox couple with 5 mM equimolar concentration and 0.1 M KCl in aqueous solution as supporting electrolyte. The scan rate was 25 mVs~\ The electrode potential (£) was scanned from positive to negative potentials and back over ranges to fully develop the characteristic shapes, limited to avoid other reactions.
Results and discussion

. Electrocatalytic characterization of inGaN films with different
In-content Fig. 2 (A-D) , presents CV measurements for samples M1-M4. For all CV measurements the faradaic anodic and cathodic current peaks are due to the ferro/ferricyanide redox reaction, which is the established probe to characterize electrochemical electrodes due to the fast and reversible electron transfer: For the InGaN layers and nanostructures no contribution to the current is found due to the KCl aqueous electrolyte. Only for the c-plane InN QDs (Fig. 3, discussed below) weak features are observed at low anodic and cathodic potentials, whose origin is not within the scope of the present study. Moreover, there is no chemical reaction of the InGaN electrodes, as demonstrated by control experiments in 0.1 M KCl solutions. Repeated CV measurements reveal long time stability with unchanged electrochemical surface properties (data not shown) and there are no changes of other surface properties (morphological or optical) which are in line with the well known chemical stability of InGaN.
Sample Ml does not show clear anodic or pronounced cathodic current peaks, probably due to the wide InGaN bandgap and higher Ohmic resistance, shifting the anodic and cathodic peaks to potential values not recorded in this experiment. The anodic peak develops and shifts to a less positive E upon In content increase, most clear for samples M2 to M3; less evident for samples M3 to M4. Samples M3 and M4 may have an InN like surface due to In surface accumulation/segregation. Also, a cathodic current peak develops for samples M2 and M3 and becomes suppressed for sample M4 showing an enhancement of catalytic oxidation with increasing In content due to the presence of the intrinsic p + so with increasing density. This matches with the symmetric CV curve for sample M2, i.e., quasi-reversible oxidation and reduction more like for metallic electrodes: The p + SD decreases with decreasing In content. Below around 40% In content the surface states move from the conduction band into the bandgap and, hence, change from donor-like to acceptor-like, causing a transition from electron accumulation to electron depletion [16] . Therefore, M2 is a common highlydoped n-type semiconductor behaving similar to metals. The lower current for sample M3 shows the largest electrochemical activity of the c-plane due to the highest p + SD because its portion is the lowest for M3 as observed in the SEM image in Fig. 1(c) . This becomes evident when discussing the NWN and NCs with surfaces inclined towards the c-plane of reduced or no electrocatalytic activity. Fig. 3 (A, B) depicts the cyclic voltagrams of the NWN and NCs of samples M5 and M6. The E of their anodic current peaks is consistent with those of samples M2-M4 for the In contents between 60 and 70% together with the quasi-reversible oxidation and reduction for these In contents. The peak currents are lowest for the NWN, exhibiting the smallest portion of active c-plane of all samples. Combining all results shows that the E of the anodic current peak is given by the In content while the peak current is governed by the area of active c-plane -consistently referring back to the low current for sample M3.
. Electrocatalytic characterization of InGaN NWN and NCs
For the NCs, the portion of active c-plane on top is still relevant leading to the high current. Despite the large surface area of the m-plane sidewalls the current is comparable to that of samples M2 and M4. Further, the E of the anodic current peak agrees with that of the c-plane InGaN layers. This means that the m-planes are not or negligibly participating in the electrochemical reaction indicating the absence or low p + so are requiring a larger E.
. Effect ofinN QDs on NWN and ¡nGaNfilm
Finally, the effects of the InN QDs for the NWN, sample 'M5 plus InN QDs', and for the c-plane InGaN layer with 73% In content, sample 'M3 plus InN QDs'.are shown in Fig. 3 (C, D) . A clear enhancement of the overall currents indicates the QDs as active sites; notice the different current scale in the graphs. For the NWN, however, the E of the anodic and cathodic current peaks is enlarged. This suggests that the QDs activate the semi-polar sidewalls of the NWN with lower p + SD , thus, requiring a larger E. The anodic peak current of sample 'M3 plus InN QDs' is enhanced staying at a low E while the cathodic current peak is suppressed (the weak features marked by arrows are due to the electrolyte). The anodic peak current of sample M3 is the highest. This confirms that the combination of the highest p + SD for c-plane InN with the zero-dimensional QD electronic properties leads to the strongest increase of catalytic oxidation activity as observed in the biosensor and water splitting experiments [5, 6] ,
Conclusions
We have shown pronounced electrocatalytic oxidation enhancement at the surface of InGaN films and nanostructures directly grown on Si(lll) by PA-MBE with an increasing In content and proximity of surface and nanostructure sidewalls to the c-plane. This was attributed to the increase of p + SD promoting electron transfer. Best results are for c-plane In-rich InGaN layers functionalized with InN QDs, attributed to the highest p + SD together with the zero-dimensional electronic QD properties inducing uncompensated surface charge. These results are important for further boosting the efficiency of InN/lnGaN QDs based biosensors and water-splitting, finding an optimum balance between catalytic efficiency driving the reaction and surface area increasing the amount.
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